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Abstract

Gas desorption and electron emission coeÆcients were measured for 1 MeV potassium ions

incident on stainless steel at grazing angles (between 80Æ and 88Æ from normal incidence) using

a new gas-electron source diagnostic (GESD). Issues addressed in design and commissioning of

the GESD include e�ects from backscattering of ions at the surface, space-charge limited emission

current, and reproducibility of desorption measurements. We �nd that electron emission coeÆcients


e scale as 1/cos(�) up to angles of 86Æ, where 
e = 90. Nearer grazing incidence, 
e is reduced

below the 1/cos(�) scaling by nuclear scattering of ions through large angles, reaching 
e = 135 at

88Æ. Electrons were emitted with a measured temperature of �30 eV. Gas desorption coeÆcients


0 were much larger, of order 
0 = 104. They also varied with angle, but much more slowly than

1/cos(�). From this we conclude that the desorption was not entirely from adsorbed layers of

gas on the surface. Two mitigation techniques were investigated: rough surfaces reduced electron

emission by a factor of ten and gas desorption by a factor of two; a mild bake to 230Æ had no e�ect

on electron emission, but decreased gas desorption by 15% near grazing incidence. We propose

that gas desorption is due to electronic sputtering.

PACS numbers: 41.75.Ak, 52.58.Hm, 79.20.Rf, 34.50.Dy, 52.70.Nc

�molvik1@llnl.gov

yHeavy-Ion Fusion Virtual National Laboratory
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I. INTRODUCTION AND SUMMARY

Beam-induced pressure rises [1] and electron cloud e�ects (ECEs) [2] are frequently ob-

served to limit the performance of colliders and other high-intensity rings. These may also

limit the performance of future high-intensity heavy ion accelerators such as envisioned as

drivers for Heavy Ion Inertial Fusion (HIF) [3]. The cost of accelerators for HIF can be

reduced by �tting beam tubes tightly to beams. This places them at risk from a steady

pressure rise, production of secondary electrons, and consequent loss of beam control. We

have therefore initiated a coordinated program to measure electron emission and gas des-

orption by 1 MeV K+ ions incident on a stainless steel target near grazing incidence, to

measure gas and electrons in drift regions and magnetic quadrupoles of HIF accelerators [4],

and to model these e�ects [5, 6]. The 1 MeV energy range is typical of injectors, and as will

be discussed, is appropriate to ongoing studies of the hypothesis that gas desorption from

ion impact on metal walls is through the mechanism of electronic sputtering. This paper

describes our procedure and results in the �rst area of study: measuring electron emission

and gas desorption.

Electron emission due to ion impact on surfaces has been studied extensively. Papers

that cover a wide range of ion species, energies, and angles are listed below; each contains

additional references. Electron emission coeÆcients 
e, from ion impact on 304 stainless steel

at angles ranging from normal to near grazing incidence, have been studied by Thieberger,

et al. for 28 MeV protons, 126 MeV oxygen ions, and 182 MeV gold ions. They found


e / 1=cos(�) to near grazing incidence, reaching values of 
e = 148, 6460, and 28,000

respectively [7]. Clouvas, et al. measured emission from ion impact at normal incidence on

a thin carbon foil, using 15 di�erent ions from mass 1 to 73 at energies from 1 to 34 MeV.

They measured emission from both sides of the foil separately, and showed that the yield

scaled with the electronic stopping power with values ranging from 
e = 0:3 to 
e = 194 [8].

Itoh, et al. found similar results with atomic and molecular ions with mass from 1 to

32, and between 0.3 and 2.0 MeV incident on gold [9]. Electron emission from very low

energy ions is reported to yield 
e � 1 by Kanie, et al. [10]. Other work has been done in

a di�erent regime, where the potential energy of a highly charged ion greatly exceeds its

kinetic energy [11, 12]. We measure 
e with 1 MeV K+ ions to follow a 1/cos(�) scaling

from 80Æ to 86Æ where 
e = 90. Nearer grazing incidence, 
e is reduced below the 1/cos(�)
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scaling by nuclear scattering of ions through large angles, reaching 
e = 135 at 88Æ.

Gas desorption coeÆcients have been published for both much higher and much lower

energy heavy ions at various angles of incidence. Mahner, et al., [13] measured gas desorption

coeÆcients ranging from as high as 25,000, to below 100 after beam scrubbing, due to 800

MeV lead ions impacting clean (chemically cleaned, vacuum �red, and �nally baked in situ)

stainless steel. Desorption rates of �104 have been inferred from the decay time of 10-

150 MeV/u U28+ ions in the GSI synchrotron SIS [14]. Much higher desorption rates have

been obtained from a 1.5 �m thick amorphous C:H layer on a substrate: 7 � 106 hydrogen

atoms and 2:3�106 carbon atoms desorbed per incident 100 MeV iodine [15] measured with

elastic recoil detection analysis (ERDA). For very low ion energies, e.g., 500 eV noble gas

ions [16] and 300-1500 eV hydrogen ions [17] desorption coeÆcients below 1 were consistent

with knock-on collisions (nuclear large angle scattering). We measure desorption coeÆcients

in the range of 3800 to 14,000 depending upon surface conditions and the assumptions used

in analysis of changes in pressure.

The High-Current Experiment (HCX) at LBNL, is used to study the transport dynamics

of a 1 MeV, 180 mA, K+ ion beam [18, 19]. (The injector has also operated at 1.8 MeV,

600 mA.) The base pressure ranges from mid 10�8 torr to low 10�7 torr range. The 1 MeV

beam has a space charge potential of �2 kV, a current rise time of 250 ns (10%-90%) and

fall time of 1 �s, a 
attop duration of 4 �s, and a pulse repetition time of �10 s. We measure

the 
ux of electrons and gas evolved from a target, whose angle to the beam can be varied

between 80Æ and 88Æ from normal incidence in the Gas-Electron Source Diagnostic (GESD)

on the HCX. These angles overlap the angles of incidence of halo ions that are lost to the

walls. For a 1.8 MeV beam in HCX, loss angles would be in the range of 87Æ to 90Æ after

transport through 10 m (50 quadrupoles) [6].

The GESD results are needed to interpret the current from electrodes that are 
ush with

the beam tubes in quadrupole magnets [4]. Using the electron-emission coeÆcient measured

with the GESD, we can infer the beam-halo loss that caused the electron emission. Then

using the measured gas desorption coeÆcient, we can infer the resulting gas desorption. The

GESD results also provide constraints for design of future experiments and accelerators and

the GESD can be used to study mitigation techniques for reducing electron emission and

gas desorption. In addition, these results bear on the problems of electron emission from

ion impact, for which empirical models are successful [6, 7]; and on gas desorption or sput-
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tering from ion impact on a metal surface, a poorly understood area of basic atomic/surface

physics [1]. One indication of how little this area is studied and understood, is that it doesn't

have a PACS number, unlike photon and electron stimulated desorption (79.20.La).

This paper is organized as follows: In Sec. II we discuss the design of the GESD that,

in addition to the usual issues such as secondary electron suppression, includes evaluation

of beam ions scattered o� the target surface and reproducibility of gas desorption mea-

surements. In Sec. III, we discuss the commissioning of the GESD including validating

measurements of the electron emission current from the target and the ion beam current

into the GESD, as well as the calibration of the ion gauge in its modi�ed surroundings. In

Sec. IV we observe the usual 1/cos(�) dependence of electron emission on K+ angle of inci-

dence (�) and explain departures from it near grazing incidence, discuss errors that would

arise from space-charge limited current of secondary electrons, and demonstrate the validity

of our measurements, and make an approximate measurement of the energy distribution

of emitted electrons. Finally, in Sec. V we discuss measurements of ion-induced gas des-

orption, its dependence on angle of incidence, two mitigation techniques, surface impurity

characterization, and a proposed model for desorption.

II. DESIGN OF THE GESD

The Gas-Electron Source Diagnostic (GESD) is shown in Fig. 1. It consists of several

electrodes, to measure the electron emission coeÆcient at angles of incidence varying over

80-88Æ from normal, and an ion gauge to measure the total gas desorption coeÆcient. After

an entrance aperture, the electrodes include (1) an electron suppressor, (2) the solid front

support for the grid, (3) the target, and (4) the scattered-ion catcher in that order, plus a

Faraday cup under the target. Each electrode can be biased independently.

An entrance aperture, 0.3 cm high by 2.5 cm wide, transmits a small area from near the

center of the beam which has expanded to a radius as large as 25 cm over a 1.7 m drift

distance from the last transport quadrupole. The apertures in subsequent suppressor (and

grid supports) are larger: 0.5 cm (0.6 cm) in height and 2.8 cm (3.3 cm) in width to prevent

ion impingement. The suppressor extends 1 cm along the beam.

The normalized beam emittance is 0.5 � mm mrad in an rb = 11 mm radius beam. For

a beam velocity � = v=c = 0:007, after expansion to a 250 mm radius, the expansion angle
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Catcher

Ion gauge

Target, angle 80o-88o

Electron suppressor

Beam

GridFaraday cup

FIG. 1: The Gas-Electron Source Diagnostic (GESD) measures electron emission and gas desorp-

tion caused by an ion beam, incident from the left on a target at grazing angles. The target is

shown at three possible angles, the upper position exposes a Faraday cup under the target to the

ion beam.

x0 will be

x0 =
�n
�rb

= 0:29 mrad: (1)

This half-angle expands the beam by only 0.05 mm in the 18.5 cm from the entrance aperture

to the hinged end of the target. The back (right) of the target extends above a projection

of the top of the aperture by this distance plus an alignment tolerance of 1 mm to ensure

that all primary beam ions admitted through the aperture strike the target.

Beam ions strike near the back of the 15 cm long by 9 cm wide target. It is made of

0.18 cm thick stainless steel which is hinged at the right, so that the angle of incidence can

be varied. It can be biased to measure electron emission current. Its surface has been sanded

to remove short wavelength departures from 
atness. This used a medium grit aluminum

oxide paper, �nishing with Scotchbrite. Comparing with machined comparison plates, the

target roughness appears to be �32 �in (�1 �m). The sanding grooves were aligned parallel

to the beam direction to minimize the `ploughed-�eld' variations in ion angle of incidence

on a microscopic scale.

Electrons are prevented from entering or leaving the GESD by the electron-suppressor

electrode. The grid can be operated either to suppress or to encourage electron emission

from the target. Near the entrance aperture, the end support is solid metal 0.3 cm thick,

which augments the operation of the electron suppressor when it is negative. The mesh
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portion of the grid resembles a covered wagon wrapped around the top and sides of the

target with a length of 17 cm. It is made of woven 304 stainless steel with 20 mesh/cm, a

transparency of 90%, and is spaced 5 cm from the target near the hinge.

A. Ion backscattering from surfaces

During the design, we identi�ed a problem that complicated using the target to measure

the ion beam current into the GESD. The SRIM Monte Carlo code computes the slowing

and scattering of ions in matter [20]. It predicts that, near grazing incidence, 0.6-0.7 of

1 MeV K+ ions would backscatter as shown in Fig. 2. (We are using the term \backscatter"

to mean, not a scattering by an angle greater than 90Æ, but a scattering back out of a

surface. This corresponds to the usage in the SRIM code. For ions near grazing incidence,

\backscatter" in our usage can refer to scattering by an angle �90Æ.) The physics in the

SRIM code has been discussed in detail [21]. From a series of SRIM runs at di�erent angles

and evaluating the beam scattering from the bottom, middle, and top of the 0.3 cm high

beam, we determined that a 4.5 cm high ion catcher shown would capture f �90% of the

scattered ions.

We estimate the secondary electron current from the grid to the target (IT�se), when the

grid is biased to suppress secondary emission from the target, Eq. 2.

IT�se = 
e(1� T )(1� f) � 0:2 (2)

where we used typical electron emission coeÆcients of 
e �20, previously observed for MeV

range K+ ions near normal incidence [22], and a grid transparency of T = 90%. This

indicates that the uncertainty from using the target to measure the beam current will be

as much as 20% due to electron emission from the grid. This provides motivation to use a

Faraday cup to obtain a more accurate measurement of the beam current into the GESD,

as will be discussed in Section III.B.

We repeated the SRIM computational runs at di�erent angles, Fig. 3, but using slightly

higher energy ions, 1.8 MeV rather than the 1.0 MeV ions used in the experiments presented

here, and in the calculations shown in Fig. 2. We see that the fraction of ions backscattered

drops rapidly at angles further from grazing incidence (90Æ): from 0.6-0.7 at 88Æ to 0.0005

at 0Æ.
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FIG. 2: Energy versus angle of the 1355 back scattered ions from 2000 1-MeV K+ ions incident on

stainless steel at 88Æ from normal, computed by the SRIM code. Except for this �gure, angles are

shown relative to normal incidence.
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FIG. 3: Fraction of 1.8 MeV K+ ions that backscatter o� of stainless steel versus angle of incidence,

computed by the SRIM code. For angles �45Æ, the backscatter e-folds in 8.5Æ.

We also studied ion backscatter as a function of ion energy, from 1 to 1000 MeV K+ at

angles of 89Æ, 85Æ, and 0Æ, Fig. 4. Near grazing incidence, ion backscatter (re
ection) remains

high out to energies exceeding 100 MeV. Near normal incidence, the ion backscatter starts

low and decreases rapidly with energy. We see that for minimum ion re
ection from a wall,

the ideal is either a sawtooth surface on the wall (tested on the SPS for application to the

LHC at CERN [23]), or a series of apertures to scrape the beam halo, where the apertures

are closely spaced so that beam cannot strike the wall between them.

8

UCRL-JRNL-205347



0.00001

0.00010

0.00100

0.01000

0.10000

1.00000

1 10 100 1000
Ion beam energy (MeV) 

B
ac

ks
ca

tt
er

 c
oe

ff
ic

ie
nt

89 deg
85 deg
0 deg

FIG. 4: (Color) Fraction of K+ ions that scatter o� of stainless steel versus ion energy at three

selected angles, computed by the SRIM code.

B. Gas desorption

Our goal here is to characterize desorption from target surfaces similar to those used in

our present accelerators, so we had the target treated with the LBNL ultra-high vacuum

(UHV) cleaning procedures [24]. In this procedure: parts are cleaned with hydrocarbon

solvents then with detergents until sheeting occurs, rinsed �rst with tap water and then

deionized water, and blow-dried with oil-free nitrogen. The beam-facing surfaces are not

baked, either before �nal assembly or in-situ, except as otherwise described. The desorption

coeÆcients that we measure are therefore likely to be higher than those for baked surfaces

in Ref. [13] if we had a validated physics model that would allow comparison of desorption

due to di�erent beam species and energies incident on speci�ed surfaces.

The total gas desorption coeÆcient 
0, is measured from the pressure rise after a pulse.

The GESD is enclosed in a stainless steel box with internal dimensions of 12.7 cm width,

15.2 cm height, and 23.2 cm length. Joints use metal-to-metal machined surfaces which are

not vacuum tight. It is installed in a cylindrical vacuum tank 33 cm ID and 74 cm long that

bolts onto the end of the HCX. The GESD pumps out through the 0.3 by 2.5 cm rectangular

entrance aperture, and a 1 cm diameter hole on the back wall behind the catcher. This,

together with the internal volume V = 4180 cm3 of the GESD (after subtracting 306 cm3

for the internal structures) gives a measured pump-out time constant of �0.3 s, long enough

for an ion gauge to determine the peak pressure, but short compared with the �10 s before

the next pulse.

9

UCRL-JRNL-205347



An implicit assumption in deriving a desorption coeÆcient from the pressure rise is that

the desorbed molecules can undergo many collisions with the wall, while the pressure is being

measured, without sticking to the wall or knocking more molecules o� the walls. Chapter 2.4

of Ref. [25] discusses the physics basis for these issues. Although the data are insuÆcient to

prove the validity of these assumptions, two points are worth noting: (1) Sticking coeÆcients

range between 0.1 and 1.0 for clean tungsten with a fractional monolayer coverage of gas,

but decrease to less than 0.001 as the coverage approaches one monolayer [see Figs. 2.22 and

2.27 of Ref. [25]]. (One monolayer is between 5 and 10�1014 molecules/cm2, depending on

the size of the molecules Table 2.28 of Ref. [25].) (2) From the same table, the sojourn time

that a molecule remains on a surface before being desorbed again can range up to seconds

for �0.01 monolayer, but decreases to 320 �s at 1.0�1014 molecules/cm2. The sojourn time

can be measured from the transmission delay of a pressure pulse through a capillary tube.

When the gas layer is thick enough that the sojourn time no longer varies with gas coverage,

the sojourn time has decreased further to less than 10�12 s, 10�10 s, and 10�4 s for H2, N2,

and an organic molecule, respectively (see Table 2.30 and associated discussion [25]).

We measure the pressure rise with a Bayard-Alpert ion gauge. As shown in Fig. 1, the ion

gauge views the target; this was intended to allow time-of-
ight measurements of desorbed

gas velocity. Possible problems with this position include scattered beam ions and secondary

electrons striking electrodes of the ion gauge and desorbing gas from them. This could cause

an immediate pressure rise in the vicinity of the gauge, however we waited a minimum of

50 ms after the 5 �s beam pulse before beginning to analyze the pressure change. This

provides a minimum of 100 collisions with the wall for gas within the GESD, so the pressure

should be equilibrated. The gauge should respond on the �100 �s time scale for gas to cross

the 1.5 cm diameter grid. The preampli�er used also has a risetime of 100 �s. As is required

to measure the peak pressure rise, these times are small compared with the GESD pumpout

time of 0.3 s.

The ion gauge is powered by DC power supplies that provide bias voltages of +180 V to

the grid, and +22 V to the �lament and its 
oating heater power supply. These eliminate

changes in the �lament heater current produced by feedback regulation during a transient

pressure rise. A meter in series with the �lament bias supply is read at the time of each shot

to obtain the �lament emission current. The emission current is adjusted with the heater

supply. A current-to-voltage preampli�er is used on the collector signal to drive �30 m
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of coaxial cable to the digital recorders. It is separated from the collector by a minimum

length of coaxial cable, approximately 0.6 m inside and 0.3 m outside of the vacuum. Ion

gauges, or residual gas analyzers, measure only volatile molecules that can impinge walls

many times without sticking; metal atoms that sputter will not be measured here because

they are likely to stick to the �rst surface that they impinge.

A capability of a mild in situ bake (to �230Æ C) is provided by a heating element within

the GESD box. Thermocouples are mounted on the bottom of the target and on the box to

monitor temperatures.

III. COMMISSIONING OF THE GESD

Commissioning is discussed in three subsections: (A) measuring current-voltage charac-

teristics for each electrode, and selecting operating points where reliable electron emission

coeÆcients can be determined, (B) validating a measurement of the beam current into the

GESD and (C) calibrating the ion gauge used to measure the gas desorption.

A. Electron emission current

Initial tests showed that the suppressor bias voltage should be at least as negative as

-30 V to prevent electrons entering or leaving the GESD with the beam. We operated it at

-200 V for most of the data shown in this paper (except for the data in Fig. 12 where the

suppressor bias was -50 V). The catcher bias was varied to minimize its current, a bias of

-25 V with the target biased at -40 V appeared optimum to keep the catcher current small

compared with the target current. We observed that the sum of the target plus catcher

current is nearly constant at -0.234 �0.026 mA. The target bias voltage was chosen to be

-40 V based on observations that the target current became increasingly negative for positive

target bias (with the grid at -150 V to suppress electron emission from the target), and that

the target current was nearly constant for a target bias of -20 to -60 V. A catcher bias of

-25 V, with the target at -40 V has become our standard operating point.

With these established, we measured the target current as a function of varying grid

bias, Fig. 5(a). The target current is observed to saturate for positive grid biases exceeding

50 V. Operation in this regime assures us that we are measuring a current that is emission
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limited, that is, we measure every electron emitted as is required to obtain electron emission

coeÆcients. If the target current were space-charge limited, some emitted electrons would

return to the target and we would observe the current continuing to increase with higher

grid bias voltage. We �nd that a grid bias more positive than the target by 90 V is suÆcient

to obtain reliable target electron emission current.

B. Beam current into GESD

The beam current into the GESD is measured with a U-shaped Faraday cup to obtain

the electron emission coeÆcient. It is installed under, and insulated from, the target. The

Faraday cup was tested to ensure that the current was independent of the electrode bias

potentials, that the measured beam currents were constant for small shifts of position o�

center, and that they changed symmetrically either side of center for larger shifts, Fig. 6.

The current increases farther o� center where the beam hits the outside of the Faraday

cup, generating secondary electrons that are not suppressed but 
ow to the target or to the

grounded box.

The HCX beam is expanding over the 1.7 m drift to the GESD, so that the current into

the GESD is measured to be �0.14 mA, out of a total beam current of 180 mA at 1 MeV.

Maintaining the ion-beam current at �1 mA is necessary to avoid limiting the electron

emission current by space charge [26] rather than by electron emission. This is also expected

to desorb �0.1 monolayer of gas per pulse, which we obtained as follows: We used our earlier

data for 80 keV K+ incident on stainless steel targets at angles ranging between 0Æ and 80Æ

from normal for which we measured desorption coeÆcients ranging between 1000 to 1500,

depending on the angle of incidence [27]. In lieu of an accepted model for gas desorption,

we used the hypothesis that we could scale desorption with a plausible upper limit of E1
b

and lower limit of E0
b , where Eb is the beam energy. For the HCX beam parameters, this

extrapolates to an upper-limit beam-desorption coeÆcient approaching 20,000. [We will

show evidence that the observed gas desorption is not primarily from adsorbed layers of gas

on the surface; nevertheless, we believe that this criterion provides a reasonable basis for

expecting reproducible desorption measurements over a scan of up to 50 shots.]

We control the beam current into the GESD to meet these criteria, so that a current-

voltage characteristic for the target or grid voltage shows the electron emission current nearly
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FIG. 5: (Color) The bias voltage of the grid is varied, one shot at each bias, while maintaining

the target at -40 V and an angle of 80Æ from normal incidence, the suppressor at -200 V and the

catcher at -45 V. A grid bias more positive than the target by 90 V is suÆcient to obtain reliable

target electron emission current. (a) The target current (blue diamonds) and catcher current (red

circles) displayed on a linear scale, (b) the target current is displayed on a log scale for ease in

comparing with a 30 eV exponential �t (red line).

constant for a range of bias voltages, Fig. 5(a), rather than increasing with bias voltage as

it would for space-charge limited current. We have reduced the beam current by varying

the focusing strength of the �nal electrostatic quadrupole, QI10. In Fig. 7 we plot the

Faraday cup current as function of QI10 bias, and we also show the calculated current into
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FIG. 6: The beam current measured by the Faraday cup as a function of its position, relative to

centered on the entrance aperture.

the GESD 0:3� 2:5 cm entrance aperture from the beam expansion to twice-RMS elliptical

radii a and b at the GESD as predicted from an envelope code and the total beam current

Ib�HCX measured with a large Faraday cup, Eq. 3. The similarity of these independent

determinations of the beam current into the GESD is further evidence that the Faraday cup

measurement of beam current into the GESD is reliable. Based on these results, we operate

QI10 at 40 kV with the GESD, compared with 24.43 kV for matched beam transport.

Ienvel: =
(0:3cm)(2:5cm)

�ab
Ib�HCX (3)

The beam is not perfectly uniform, so the agreement in Fig. 7 is reasonable between a small

area measured near the center of the beam with the Faraday cup inside the GESD, and that

inferred with Eq. 3 [19].
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FIG. 7: (Color) Beam current into the GESD measured with the Faraday cup inside the GESD

(red squares) and inferred from the total beam current times the entrance aperture area divided

by the area that the beam is predicted to expand to at the GESD (blue circles) as the voltage on

the �nal electrostatic quadrupole QI10 is varied.

C. Pressure calibration

The ion gauge is surrounded by a grounded stainless steel woven mesh of about 0.5

transparency to prevent the �lament emission current from varying with the bias on the

nearby GESD grid. When thus shielded, the gauge emission current varied by �2% when

the GESD grid bias varied by �100 V. We calibrated the ion gauge, with the cylindrical

mesh installed, against a Granville Phillips Stabil-Ion Gauge. The calibration extended over

a range of emission currents from 0.5-10 mA and at two pressures of 0.7 and 2.5 � 10�6

torr, Fig. 8. The pressure, P, and calibration constant, K, are related by

P (torr) =
Icoll

IemisK
: (4)

The sensitivity varied by 13% with emission current, from a low of 7.7 torr�1 at 2 mA to

about 8.7 torr�1 approaching 10 mA. This compares with the nominal calibration constant

of 25 torr�1 for Bayard-Alpert nude ion gauges. The base pressure inside the GESD is

usually in the 10�6 torr range, an order of magnitude or more higher than the base pressure

of the accelerator it is installed in because of the intentionally slow pumpout time of �0.3 s.
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FIG. 8: (Color) The GESD Bayard-Alpert ion gauge is calibrated by comparison with a Granville

Phillips Stabil-ion Gauge at two pressures: ( Blue diamonds) 6.5 � 10�7 torr; and (Open squares)

2.5 � 10�6 torr.

IV. ELECTRON EMISSION

A. Dependence on ion angle of incidence

The electron emission coeÆcient 
e is determined by the ratio of the electron emission

current leaving the target Ie to the beam current into the GESD Ib. In practice, since the

total target current, It is given by It = Ie + Ib � Ie, we use the simple ratio of It=Ib in

determining 
e. To measure the electron emission current, we bias the grid to +150 V and

the scattered ion catcher to -25V, with the target at -40 V. The beam current of 1 MeV K+

into the GESD is measured with a Faraday cup as described in the previous section. The

electron emission coeÆcient is shown versus �, the ion angle of incidence relative to normal,

in Fig. 9. The 1/cos(�) curve shown is a good �t to data at angles from 80Æ to 86Æ. At

larger angles, closer to grazing incidence, the data fall below the 1/cos(�) curve. The close

�t below 86Æ to 1/cos(�) is surprising with our unpolished target surface; we would expect

sanding to leave roughness on a microscopic scale of grain sizes, of order �10 �m. The range

of 1 MeV K+ ions in stainless steel is only 0.5 �m, which is too small to average over such

roughness.

These results are consistent with a model based on electron energy input from ion beam,

dE/dx, in matter. This model can be described brie
y: as an ion enters a surface, it loses

energy by interacting with electrons in the material. Electrons that are pulled free from their
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FIG. 9: (Color) Electron emission coeÆcient as a function of angle of incidence measured from

normal. Black diamonds indicate measurements (at least 2 data points per angle), the red line is

given by 6.3/cos(�), the green (+) points are scaled with the SRIM code as in Eq. 8 [20].

bonds to atoms are called delta electrons. Some delta electrons that originate suÆciently

close to the surface can escape the surface, resulting in electron emission. Delta electrons

formed below a certain depth cannot escape the surface [7, 28]. This model predicts the

dependence of the electron emission coeÆcient on the angle of incidence [7],


e /
d

cos(�)
(5)

where d/cos(�) is the ion path length through a thin d � 2 nm thick surface layer (from

which delta electrons can escape as secondaries). This can be combined with Rothard et

al's. expression for 
e at normal incidence [29]


e = 0:14Cb
dE

dx
; (6)

where Cb � 0:32 and dE/dx(eV/�A) is the electronic part of the energy loss per unit length [6,

29]. Then the magnitude of 
e at other angles is given by


e = 0:045
dE

dx

1

cos(�)
: (7)

The electron emission falling below the 1/cos(�) curve beyond 86Æ is attributed to large-

angle nuclear scattering of ions out of the 2 nm layer [7]. We tested this model for our
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beam parameters with the SRIM 2003 code [20] by varying the thickness d of a thin foil

with 1 MeV K+ incident on 88Æ, until the transmitted distance (X from SRIM) normalized

to d=cos(�) was near 0.75 [0.78 as shown in Fig. 9], the amount by which the measured 
0

fell below 1/cos(�). We then compute the secondary electron emission coeÆcient from


e =
Xcos(�)

d

6:06

cos(�)
=

6:06X

d
: (8)

We found that d = 2.2 nm satis�ed this condition. Then using this thickness at other angles

gave the green (+) points in Fig. 9, which are a reasonable �t to the data at angles near

grazing incidence for which the 1/cos(�) �t begins to fail. Published work at much lower

energies showed the electron emission falling below the 1/cos(�) curve beyond 20-40Æ for

2-5 keV argon or neon ions onto a tantalum target [10]; these data are at least qualitatively

consistent with nuclear scattering, which has a larger cross section at low ion energies. In

fact, the data for the lowest energy ions falls below 1/cos(�) at smaller angles from normal

than for the higher energy ions in Ref. [10]. The authors do not draw this conclusion, but

they separate the causes of emission into kinetic and potential energy, and conclude that

the potential energy driven emission is independent of the ion angle of incidence.

Electron emission has been measured both at room temperature before baking and at a

target temperature of 230Æ C (�10Æ C), after being baked in situ at that temperature for

90 h, as shown in Fig. 10. (The box temperature reached 140Æ C.) Two shots are shown at

each angle before baking (black +), and after baking at least two shots are shown for each

angle (three at 80Æ and 81Æ). No signi�cant change is apparent in the electron emission after

baking.

B. Space-charge limited emission current: possible errors and validity checks

We have noticed that it would be possible to obtain a secondary emission current that

erroneously scales with 1/cos(�) in two ways: (1) by operating in a space-charge current

limited regime as we show below, and (2) by beam-impact ionization of desorbed gas [30]

that we will discuss in Section V(B). The Child-Langmuir space-charge limit for electron

current density is given by [26]

j = 2:3� 10�6
V 3=2

d2
� 2:4� 10�4 A=cm2 (9)
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FIG. 10: (Color) Electron emission coeÆcient as a function of angle of incidence measured from

normal, before (black +) and after baking at 220Æ C (red diamonds). The blue line is given by

6.3/cos(�).

where j is in A/cm2, the potential di�erence V (�190 V) between electrodes is in volts, and

the gap between electrodes d = 5 cm. The target area is given by

A = 2:5 cm
0:3 cm

cos(�)
(10)

where 4:3 cm2 � A � 21 cm2 at angles ranging from 80Æ to 88Æ for a beam de�ned by an

aperture to be 2.5 cm wide by 0.3 cm high. The total space-charge limited current then

scales as

I /
V 3=2

d2cos(�)
: (11)

This would be misleading, giving an incorrect value for the secondary emission coeÆcient

that is lower than the true value. We avoid this problem by reducing the beam current

through varying the focusing strength of the �nal electrostatic quadrupole, QI10 as was

shown in Fig. 7.

Despite reducing the beam current we �nd that the measured emission current exceeds

the calculated Child-Langmuir current limit of 0.8 mA at 78.25Æ by a factor of �5, Fig. 11.

Although we have not determined the mechanisms by which the emission current apparently

exceeds the Child-Langmuir current limit, we are convinced that the emission current is not

space-charge limited for the data in this paper. This is because the time dependence of the
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FIG. 11: (Color) Electron emission current from the GESD target versus time for three values of

VQI10, listed by the legend in the same order as the plots. (The normal operating point for other

data in this paper is 40 kV.) The beam hits the target at � =78.25Æ. The Child-Langmuir current

limit is 0.8 mA. The spikes at the head and tail of the beam are a result of a mismatch of these

parts of the beam, resulting in the head and tail having a smaller envelope, than does the 
attop

of the beam, at the GESD axial position.

VQI10 = 40 kV emission currents shown in Fig. 11 is similar to that of the beam current

measured by the GESD Faraday cup, consistent with not being space-charge limited: For

these data, the current at VQI10 = 32 and 36 kV exceeds that at our operating point of

VQI10 =40 kV. The target emission current saturates for grid bias voltages exceeding +50 V

(see Fig. 5(a)). Finally we have data that we will discuss next showing that the emission

current, at all angles, is nearly independent of grid bias for bias voltages of +50, +100, or

+150 V.

The data for Fig. 11 were taken at a single angle of incidence, 80Æ; perhaps other angles

of incidence would show the current limited by space charge rather than emission? The

following data demonstrates that is not the case. We measured the secondary emission as

a function of angle, biasing the grid to +50, +100, and +150 V at each angle, as shown in

Fig. 12. The order of points is 50 V at the bottom and 150 V at the top, except at 86.5Æ

where 50 V is at the top; however, the data from di�erent biases are closely spaced at every

angle, and show a similar saturation of the current with bias voltage as shown in Fig. 5(a).

The data are shown as emission current rather than electron emission coeÆcients, because

at that time, we didn't have a Faraday cup or other credible measurement of the beam
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FIG. 12: (Color) Electron emission current as a function of angle of incidence measured from

normal for grid bias of +50 V (red +), +100 V (green *), and +150 V (blue �). The suppressor

was biased to -50 V, the target to -40 V, and the catcher to -25 V.

current into the GESD. (Fig. 12 would give similar emission coeÆcients to the data shown

in Fig. 9 if the beam current into the GESD were about 0.2 mA compared with the present

0.14 mA.) These data demonstrate that the electron emission coeÆcients presented here are

not in error from space charge limits at any angle from 75Æ to 88Æ.

These data also demonstrate the reproducibility of electron emission measurements. The

data were taken �rst at 88Æ, then stepping downwards from 86.5Æ to 75Æ. At the end, we

returned to 87Æ (50 and 150 V grid bias) and 88Æ (100 V grid bias). Measurements taken at

the end of the run are seen to agree well with those from the beginning.

C. Electron energy distribution

The energy of emitted electrons can be obtained from the current voltage characteristic

where the grid voltage is varied, Fig. 5(a) [31]. The grid serves as a retarding potential

analyzer for target emission, because the grid is nearly parallel to the target. The grid is

tilted by �86Æ from normal to the beam, and the target is tilted 80Æ for these data, resulting

in them being �6Æ out of parallel. Electrons with energy normal to the grid that is greater

than the amount by which the grid bias is more negative than the target bias of -40 V can

pass through the grid and contribute to the measured target current. Electrons of lower

energy, normal to the grid, will be re
ected back towards the target and will not contribute
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to the target current.

This measurement is approximate, because retarding potential analyzers measure only

the component of energy normal to the electric �eld, but electrons are emitted over a broad

angular distribution [32]. (True secondaries from electron impact have a cos(�) distribu-

tion [33].) Since the grid potential exists above, to both sides, and to the front of the target,

the only other electrode that electrons can be de
ected to is the catcher, back of the target.

The current to the catcher is shown in Fig. 5(a) by the circular red points: as the grid bias

becomes more negative, more electrons are de
ected to the catcher resulting in its current

becoming more negative, however the change in catcher current is only 5% of the change

in the target current so this correction is small and does not change the linear �t shown

in Fig. 5(b). Returning an electron to the target, without it hitting another electrode, re-

quires higher bias voltage on the grid than is required to prevent the electron from passing

through the grid, therefore our measured temperature is expected to exceed the real electron

temperature.

For ease in seeing whether the electron distribution approximates a Maxwellian, we plot

the Fig. 5(a) data on a semi-log scale after subtracting a new baseline drawn through the

points at -300 and -200 V. The results, Fig. 5(b), show that the energy distribution is

approximately Maxwellian over a factor of 40 in electron current; therefore, it is appropriate

to refer to an electron temperature of 30 eV, rather than only an average energy. The points

below 0.2 mA represent the most energetic electrons, which are less than 2.6% of the total

emitted electrons, with an energy that is more uncertain than that of the bulk electrons

emitted from the target under 1 MeV K+ ion bombardment. Although we have evidence,

which will be discussed in the next section, that the electrons measured here are born on

(or in) the target, we observe in passing that electrons are Maxwellian when gas is ionized

by ion impact. For example, 25 keV protons (same velocity as 1 MeV K+) on H2 and N2

resulted in average electron energies of 12-14 eV that were Maxwellian over four orders of

magnitude [34].

A survey of published measurements of secondary electron energy �nds results obtained

with a similar technique that agrees with ours, however high resolution measurements of

secondary electron energy distributions found energies of only a few eV for bombardment by

MeV range protons or several keV range argon ions. These are discussed below. Secondary

electron energies similar to our measurements were determined with a similar technique
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(i.e., similarly approximate) for 5-24 MeV protons bombarding aluminum-oxide and gold

targets: half of the electrons had an energy below 20 eV [35]. Rothard, et al., measured

the secondary electron energy spectrum with high resolution, from a carbon foil bombarded

by 1.2 MeV protons [32]. The authors do not quote a temperature or average energy,

however, the slope of their data corresponds to a bulk temperature of 3-4 eV, much lower

than the results in Fig. 5(b) or Ref. [35]. The electron energy has also been measured with

much higher resolution for various charge states of argon ions incident with energies of 3 to

6 keV on a tantalum surface [36]. Here the electron distribution peaks at 1-2 eV with few

electrons above 10 eV. The concensus from these results would be that our electron energy

measurement is about an order of magnitude high; however it is also possible that 1 MeV

K+, which become ionized to charge states of 2.86�1.55 in passing through a foil [37], which

correspond to ionization potentials of 4.3-82.6 eV, do in fact generate higher energy electrons

than do protons or low energy heavy ions.

V. GAS DESORPTION

A. Angular dependence

The gas desorption coeÆcient 
0, is measured from the pressure rise after a beam pulse.

This is shown in Fig. 13 for the target at 88Æ. We evaluate the pressure rise in two ways,

as illustrated. The \peak" pressure rise is the maximum deviation of the averaged signal

from the baseline, as shown by the horizontal blue line. We also �t an exponential decay

to the data as shown by the straight red line on the semi-log plot. (Both lines are drawn

to illustrate our method, but may not agree precisely with the numeric �ts that are used

for the subsequent analysis.) If the desorption all occurs during the 5 �s FWHM of the

beam, the extrapolated exponential decay should give the most reliable value for 
0. If the

desorbed gas is released more slowly, 
0 should be between the values plotted in Fig. 14.

The desorption coeÆcient is determined from the pressure rise �P, the volume V =

4180 cm3 of the GESD, the number of molecules per torr-cm3, and the number of beam ions

into the GESD Nb, to be


0 �
3:3� 1016V�P

Nb
: (12)

Implicit in the use of Eq. 12 is the assumption that desorbed gas undergoes many bounces
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o� interior surfaces in the GESD without either sticking to a surface or dislodging additional

molecules, as was discussed in Section II(B). The number of beam ions into the GESD is

determined from integrating the current into the Faraday cup over the entire beam pulse

duration

Nb =

Z
Ib

1:6� 10�19
dt: (13)

The emission-from-a-thin-layermodel used to explain the 1/cos(�) dependence of electron

emission, would lead us to expect the same angular dependence if desorption is from adsorbed

gas layers on the surface. The less than 1/cos(�) dependence of gas desorption with angle,

Fig. 14, indicates that it is not entirely from layers of gas adsorbed on the surface. This

conclusion would be modi�ed if the radial range of desorption around an ion track were

comparable to or larger than the ion range. (Secondary emission is believed to occur within

a small radius (few nm) of the ion track, which is much less than the 1 MeV K+ range of

�500 nm and is therefore consistent with the observed 1/cos(�) dependence on the ion angle

of incidence.) We check this conjecture with a simple model, in which all atoms in a cylinder

with length equal to the beam-ion range (�500 nm) share equally in the 1 MeV beam energy.

The heat of vaporization for CO2 is relatively high, H2 is relatively low giving a range of

0.27 to 0.0093 eV/atom [25]. The heat of vaporization is similar to the energy required to

remove an adsorbed molecule from multiple monolayers of gas. With these parameters, the

radius of the heated cylinder will be in the range of 31-165 atoms. At 0.4�0.1 nm average

molecular diameter, the desorption diameter would fall between 25-132 nm. This is between

5% and 26% of the ion range, so we expect a 1/cos(�) dependence for desorption of thin

gas layers, with small departures from this scaling for low heat of vaporization gases like

H2 where the desorption diameter may reach 26% of the ion range. This conclusion would

apply, even more strongly, to the much longer range 800 MeV lead ions studied by Mahner,

et al., Ref. [13] where the measured variation of desorption with angle also had much less

than a 1/cos(�) scaling.

B. Mitigation techniques

We also measured the electron emission and gas desorption coeÆcients from a stainless

steel surface that was roughened by blasting the surface with glass beads, Fig. 15. These data

have larger variability because they were collected at the beginning of the commissioning
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FIG. 13: (Color) The pressure rise measured by an ion gauge. The horizontal blue line indicates

the peak excursion of the ion gauge current. The red line indicates a �t to the exponential decay

of the ion gauge current, which we evaluate at t = 0.
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FIG. 14: (Color) Gas desorption coeÆcient as a function of angle of incidence measured from

normal. Solid red triangles represent the exponential �t to the ion gauge current evaluated at

t = 0, the open blue points represent the peak pressure excursion measured by the ion gauge

current.

phase of a beam line.

Future measurements with much higher reproducibility may enable us to infer real-time

gas desorption coeÆcients during the beam duration. At least part of the beam passes

through the desorbed gas layers since gas velocities are at least thermal (0.5 mm/�s), which

would �ll most of the 3 mm high beam in its 5 �s duration. Higher gas velocities, of
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�2 mm/�s corresponding to 0.5 eV energies, are plausible for electronic desorption processes

(to be discussed in Subsection D); this would �ll the 3 mm high beam in 1.5 �s. The gas

would be desorbed from the target area impinged by the beam, given by Eq. 10, that scales

with 1/cos(�). Ionization of this gas by beam impact would scale with the beam length in the

gas, which is also proportional to 1/cos(�), times the desorption coeÆcient [30]. Measuring a

small component of 1/cos(�) from a bead-blasted surface, and using estimated cross-sections

for beam ionization of gas, would then enable us to determine the gas desorption coeÆcient

in the 5 �s while the beam is on. This would be an independent check on another method,

that determined a desorption coeÆcient of �900 from a perforated sheet of stainless steel

by measuring the fraction of beam that was doubly ionized by passing through the desorbed

gas [38]. The di�erence between that measurement and the measurements in this paper

greatly exceeds the uncertainties expected from either method. One hypothesis to account

for the di�erence is that much of the desorbed gas is delayed in its emission. Further

discussion is beyond the scope of this paper and is left for a future publication.

Bead-blasting produces small increases in surface area, as opposed to other traditional

methods of reducing electron emission with a black labyrinth of deposited particles [33]

where many emitted electrons are lost by hitting the surface before escaping; this increases

the surface area by many times resulting in higher outgassing which is undesirable for ultra-

high vacuum. Similar results were reported for a small sample of copper, treated to produce

a strongly dendritic surface that had secondary emission coeÆcients below 1 for electron

impact, but which had a large surface area and was diÆcult to apply to a large scale

accelerator [39].

Roughened beam-facing surfaces are a signi�cant mitigation technique.

1. The electron emission in Fig. 15 decreased by up to a factor of ten from that shown

in Fig. 9.

2. The gas desorption coeÆcient decreased by about a factor of two to three.

3. From the reduction in electron emission and the previously observed 1/cos(�) depen-

dence of electron emission, we can infer that the average angle of beam ion incidence

on the roughened surface was at 60Æ from normal. Then, from Fig. 3 we �nd that ions

incident at 60Æ have a backscatter coeÆcient of 3% compared with higher than 60%

for ions incident at 88Æ, a factor of more than 20 reduction in ion scattering.
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FIG. 15: (Color) The electron emission coeÆcient (SEY { blue diamonds) averages 12.5�0.9 (stan-

dard deviation), and the gas desorption coeÆcient (red circles) averages 3.8 (�0.2) � 103 molecules

for 1 MeV K+ incident on stainless steel roughened by bead blasting.

Far higher reductions in ion scattering are predicted for scraping beam halos at normal

incidence on apertures or sawtooth walls. Sawtooth walls are being developed at CERN

for LHC and tested on SPS [23]; however, compared with roughened sheet metal, sawtooth

surfaces are more diÆcult to fabricate as rectangular tubes and much more diÆcult to

fabricate as circular or elliptical beam tubes, as LHC needs (and has developed). The

alternative of beam-scraping apertures either reduces the clear bore signi�cantly or requires

a large number of apertures to eliminate grazing incidence collisions of halo ions with the

beam tube. Bead-blasting is an inexpensive method of reducing ion scattering and ion-

induced electron emission and gas desorption, especially on complex shapes. The range of

1 MeV K+ is less than 1 �m in stainless steel. All of the mitigation measures discussed in

this paragraph will fail for longer-range ions, which are so close to grazing incidence, that

they can drill through multiple \crater rims" on a roughened surface, or multiple sawteeth

or apertures; thereby emitting electrons and gas multiple times.

Care must be exercised with bead blasting to minimize warpage of the material. The

0.18 cm thick target used for Fig. 15 was treated with a standard-enclosed glass-bead blasting

system and remained nearly 
at. However a very light blasting of 0.04 cm stainless steel

sheet, intended for beam tube use, warped it to an unusable degree. Better success resulted

from blasting with �ne aluminum-oxide powder at reduced pressure, where the warpage of
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FIG. 16: (Color) Gas desorption coeÆcient as a function of angle of incidence measured from

normal, before (black +) and after baking in situ (red diamonds) for 120 h at 220Æ C.

0.04 cm stainless steel was reduced to a very small, tolerable level, and the surface appeared

to be very rough when viewed with magni�cation. We plan to test this surface treatment

with a future GESD target to determine if it provides e�ective reduction in electron emission

as observed in the data of Fig. 15.

A second mitigation technique that we tried is baking the target to 230Æ C (� 10Æ C) for

90 h. The box, enclosing the GESD, reached 140Æ C. (In unbaked operation, the target has

been observed to reach 100Æ C from heating by the ion gauge.) The baking produced only a

slight reduction in desorption, as shown by the results in Fig. 16, and no change in electron

emission, as was shown in Fig. 10. The reproducibility was good: two shots are shown at

each angle before baking (black +) except for 78.25Æ and 88Æ, and after baking at least two

shots are shown for each angle (three at 80Æ and 81Æ). The e�ect of the baking was greatest

at 86Æ-88Æ where the desorption was reduced by �15% after baking. The baking would be

expected to reduce one source, the amount of adsorbed gas on the surface, from which we

expect a 1/cos(�) scaling. Fig. 16 is consistent with other sources of desorbed gas being

both less a�ected by baking and more independent of angle. The implication is that much

of the desorbed gas comes from sources that are una�ected by baking.
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C. Surface impurity characterization

Gas desorption measurements at CERN used a calibrated residual gas analyzer (RGA)

to measure the partial pressures of selected mass gases [13]. They found that the dominant

species were CO, CO2, H2, and CH4 in that order. We measured the total pressure rise

rather than each desorbed species. However, we have analyzed the surfaces of two samples

(one stock, the other sanded, 0.18 cm thick stainless steel sheet) using both Auger electron

energy spectroscopy (AES) and x-ray dispersion analysis (EDX) which analyzes the energy

spectrum of x-rays emitted by electrons from a scanning electron microscope striking the

surface being analyzed. The results of the Auger spectroscopy are summarized in Table I,

indicating that carbon and oxygen are the dominant impurities on or near the surface. The

samples are exposed to monochromatic x-rays at a 45Æ angle of incidence, for which atoms

within 3 to 5 nm of the surface can be detected. (Note that since multiple electron shells are

required to produce Auger electrons, hydrogen and helium cannot be detected directly and

are not listed in the table.) EDX spectra were �rst taken with 15 keV electrons to verify that

the underlying metal was stainless steel, then surface analysis data were taken with 6 keV

electrons. Carbon, oxygen, and a small amount of silicon were the primary impurities found

with EDX, in qualitative agreement with the Auger spectroscopy results. These results are

compatible with having desorbed species similar to those measured at CERN.

An ion beam of 2 keV Ar+ was used to remove surface layers by sputtering between Auger

spectroscopy measurements. The sputtering was calibrated to sputter Ta2O5 at a rate of

4 nm/min.; if the same order of magnitude sputtering is obtained with stainless steel, 10's

to 100's of atomic layers are removed from each of the two samples in Table I. The times

listed are cumulative sputtering durations.

In the \as received" condition, before sputter cleaning, we see in Table I that the metallic

constituents of stainless steel (chromium, iron, and nickel) are almost absent from the near

surface layers, instead the major constituents are carbon and oxygen. After 1-2 minutes of

sputter cleaning, the chromium and iron approach their nominal values (listed in the top

row in Table I), but the measured nickel content remains low. Most of the adsorbed gas is

removed during the �rst minute of sputtering, giving little information on the depth of the

adsorbed layers, other than it must have been at least 3 to 5 nm deep to obscure the substrate

metal during the initial AES scan before sputtering. Some impurities such as sodium and
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TABLE I: Surface constituents in percent measured with Auger electron energy spectroscopy, from

the electron shells listed in parenthesis for each element. The times listed are the cumulative

sputtering duration.

Sample tsput(min) C(1s) O(1s) Na(1s) Si(2p) Cr(2p) Fe(2p) Ni(2p)

Nominal 304 SS { �0.08 { { �1.00 18-20 68-74 8-12

Stock 0 15.36 61.49 0.69 8.20 4.09 3.65 0.06

1 4.33 15.43 0.17 0.00 17.85 54.61 5.94

2 5.40 6.98 0.00 0.00 16.58 68.94 0.57

3 5.50 6.62 0.00 0.00 16.76 68.01 1.59

4 5.84 6.91 0.11 0.00 17.28 67.84 0.83

5 4.48 6.64 0.52 0.24 16.97 68.90 1.09

15 3.74 6.82 0.00 0.00 18.19 69.81 1.00

Sanded 0 24.78 50.79 { 8.90 3.94 11.17 0.28

1 5.14 21.47 { 1.06 12.16 57.51 2.65

5 1.85 11.49 { 0.00 17.19 68.46 0.89

15 3.68 5.82 { 0.00 12.49 77.34 0.62

silicon are only on the surface and disappear in 1-2 minutes of sputtering. (The silicon may

be from silicon carbide which is used in certain varieties of Scotch-brite.) However, the

major surface contaminants, carbon and oxygen, after decreasing by factors of 3 to 10 in the

�rst 3 minutes of sputtering, then remain at a several percent level, even after 15 minutes

of sputtering. This may be an artifact of the measurement, caused by knock-on collisions

with argon-ions driving impurities into the surface [40]; alternatively, the impurities may be

present in some other form in addition to adsorbed gas layers (or several atomic-layer thick

chromium-oxide for oxygen), as we also concluded from the dependence of the desorption

coeÆcient on the ion angle of incidence, Fig. 14. Alternative forms of impurities, that

might survive 15 minutes of sputtering or the baking of Fig. 10, include dust on the surface,

inclusions and disolved contaminants in the surface, and perhaps contaminants along grain

boundaries.
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D. Model for gas desorption

We compare two models for desorption: physical and electronic sputtering. \Sputtering"

is usually used to mean physical sputtering. Physical sputtering results from the nuclear

scattering component of dE/dx that can scatter ions through a large angle with a corre-

spondingly large momentum imparted to the sputtered atom. Electronic sputtering is due

to the electronic component of dE/dx [41, 42]. The values of dE/dx can be evaluated with

the SRIM code [20] and are shown for K+ ions incident on stainless steel in Fig. 17. The

electronic component exceeds the nuclear component for K+ ions with energy exceeding 250

keV. We see that for K+ at 1 MeV, the electronic component has 4.6 times as much energy

available near the surface as does the nuclear component. It is therefore plausible that elec-

tronic energy loss provides the energy source for the large gas desorption coeÆcients that

we measure. This model is related to the accepted model for electron emission due to ion

impact: the delta electrons that are pulled out of atoms in the material may escape the

surface if released suÆciently close to the surface { usually taken to be within 1 to 3 nm of

the surface [7].

The concept of electronic sputtering is relatively new [41, 43]. The initial experiments

were to study the e�ects of Voyager spacecraft observations: that icy objects in the outer

solar systemwere exposed to energetic plasma-ion bombardment [44]. Application to acceler-

ators has been limited to gas desorption from cryopanels bombarded by stray particles [45].

Molecular dynamics (MD) modeling of ions impinging on insulators has been used with

considerable success to explain the sputtering of frozen ices, especially of H2O and noble

gases [44]. It has been applied to explain the atmospheres of moons of Jupiter and Saturn

and the rings of Saturn as a result of ion bombardment of frozen ice on the surfaces [42].

The major diÆculty with the MD modeling of electronic sputtering for desorption from

accelerator beam tubes is that it is not expected to be applicable to ions impinging on metals

for two major reasons:

1. The electronic contribution to thermal conductivity that is dominant in metals is not

present in a classical MD simulation. As a result the total thermal conductivity is

signi�cantly underestimated. This leads to unphysical con�nement of the deposited

energy in the surface region of the irradiated target or within the region excited by

an energetic ion and does not allow for the direct comparison between the calculated
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FIG. 17: (Color) The ion energy loss due to nuclear large-angle scattering (blue line) and to

interaction with electrons (thick red line) is shown versus energy for K+ ions incident on stainless

steel.

and experimental data.

2. MD does not provide a mechanism for energy exchange between the electrons and

the lattice. Some current codes use a friction force to account for electronic stopping

power, but still do not allow for energy transfer from the electrons to the lattice [46, 47].

A partial resolution of the diÆculty comes from the measurements at CERN that found

the dominant desorbed gases to be CO, CO2, H2, and CH4 in that order [13]. All of these

will be insulators when in solid or liquid form, with which the ion beam could interact in

a classic MD simulation and cause electronic sputtering. However, classical MD simulation

would not address the issue of whether beam interactions with the metal substrate could

desorb volatile impurities that were in contact with the metal. We note that the physics of

electrons interacting with potentially volatile molecules near a surface in electronic sputtering

is closely related to the physics of desorption by electrons or photons incident on a surface.

The compelling motivation to use this model is that much more energy is available from

electronic stopping than from nuclear stopping in the energy range for heavy-ion fusion, and

evenmore so for high-energy physics. With physical sputtering from the nuclear scattering, it

is diÆcult to get coeÆcients greater than a few tens, but electronic sputtering is energetically

capable of producing desorption coeÆcients in the range of thousands as observed here and

at other laboratories [1, 13, 14].
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